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ABSTRACT 


This  report  reviews  and  completes  the  presentAvco  Everett 
Research  Laboratory  high-pres sure,  pulsed  CO  laser  program.  The  main 
program  objective  hau  been  the  investigation  of  the  pulsed  electrical  CO 
laser  to  determine  the  relevant  scaling  parameters  and  usefulness  of  high- 
power  CO  lasers  in  systems  applications.  Detailed  description  of  the 
earlier  work  performed  mainly  on  the  20  liter  device  is  contained  in  pre- 
vious reports.  These  include  measurements  of  parametric  multiline/ 
multimode  performance,  medium  homogeneity  investigations  and  measure- 
ments of  small  signal  gain.  A detailed  kinetic  model  of  the  CO  laser  was 
developed  and  the  predictions  compared  with  the  experimental  results. 
Results  of  similar  measurements  performed  on  the  new  16  liter  transverse 
flow  device  are  presented.  Major  achievements  included  operation  at  high 
power,  high  efficiency  and  with  near-diffraction-limited  beam  quality. 


-V- 


Preceding  page  blank 


TABLE  OF  CONTENTS 


Section  Page 

Foreword  iii 

Abstract  y 

List  of  Illustrations  ix 

List  of  Tables  xi 

1.0  INTRODUCTION  1 

2.  0 KINETICS  5 

2.  1 Modeling  5 

2.  2 Electron-Ion  Dissociative  Recombination  Rate 

Constant  7 

2.  3 Comparison  of  Model  Predictions  with  Experimental 

Data  7 

3.0  DISCHARGE  cavity/flow  SYSTEM  15 

4.0  MEDIUM  QUALITY  23 

5.0  EXPERIMENTAL  RESULTS  37 

5 1 Pulse  Energy  and  Efficiency  Measurements  37 

5.2  Beam  Quality  44 

5.  3 Laser  Spectral  Distribution  46 

5.  4 Small  Signal  Gain  Measurements  46 

6.  0 RECOMMENDATIONS  FOR  FUTURE  WORK  55 

6.  1 Model  Calculations  55 

6.  2 Parasitic  Cavity  Oscillation  56 

6.  3 Spectral  Composition  vs  Gas  Mixture  56 

REFERENCES  57 

PUBLICATIONS,  REPORTS  AND  PRESENTATIONS  59 

APPENDIX  A 62 

References  65 

-vii- 


Preceding  page  blank 


LIST  OF  ILLUSTRATIONS 


Page 


Plot  of  Electron-Ion  Recombination  Rate  in  Pure  CO  as 
a Function  of  Average  Electron  Energy 

Comparison  of  the  Normalized  Experimental  and  Pre- 
dieted  Temporal  Behavior  of  the  Laser  Output  Pulse  for 
a 20%  CO  and  80%  N£  Mixture 

Comparison  of  the  Normalized  Experimental  and  Pre- 
dicted Temporal  Behavior  of  the  Laser  Output  Pulse  for 
a 20%  CO  and  80%  A r Mixture 

Predictions  of  the  Temporal  Variation  of  Small-Signal 
Gain  for  the  P (12)  Line  of  Various  Vibrational  Bands 

Schematic  of  the  Mk  I Pulsed,  High  Pressure  CO  Laser 

Schematic  of  the  Cross  Section  of  the  Mk  I CO  Laser 
Indicating  Gas  Flow  and  Cavity  Modifications 

Schematic  of  the  Mk  II  Pulsed,  High  Pressure  CO  Laser 

Schematic  of  the  Mk  II  CO  Laser  Heat  Exchanger 

Photograph  of  the  Mk  II  CO  Laser  Heat  Exchanger 

Interferogram  of  the  Medium  Homogeneity  in  the  Mk  II 
Cavity  Taken  at  a Pressure  of  l/6  atms  at  a Tempera- 
ture of  100°K  and  a Flow  Velocity  of  400  cm/sec 

Vacuum  Reference  Interferogram  for  Figs.  10(a)  and 
10(c) 

Cold  Flow  Interferogram  Taken  under  Identical  Condi- 
tions to  Fig.  10(a)  but  with  an  Interferometer  Mirror 
Tilted  to  Compensate  for  the  Transverse  Temperature 
Gradient 

Cold  Flow  Interferogram  Taken  at  the  Termination  of  a 
60  usee  Electric  Discharge  Pulse  at  l/6  atirs  and  at 
80°K 


-ix- 


Preceding  pstii!  blank 


F igure 


11(b) 


1 1(c) 
12 


13(a) 
& (b) 

14(a) 

14  b) 


14(c) 

15 

16 

17(a) 
& (b) 

18 


19 

20 


Cold  Flow  Interferogram  Similar  to  Fig.  11(a)  but  Taken 
40  ^secs  after  the  Termination  of  a 60  usee  Discharge 
Pulse 

Vacuum  Reference  Interferogram  for  Figs.  11(a)  and 

11(b)  B \ ; u 

Profile  of  the  Fractional  Density  Change  Ap/p  across 
the  Laser  Cavity  Due  to  Acoustic  Wave  Disturbances  at 
the  Termination  of  a 60  psec  Discharge  Pulse 

Near  Field  Burn  Patterns  Obtained  with  Energy  Extrac- 
tion Separately  from  the  Lower  and  Upper  Halves  of  the 
Cavity,  Respectively 

Cold  Flow  Interferogram  of  the  Medium  Homogeneity  at 
1/12  atms  and  at  80°K 

Cold  Flow  Interferogram  Similar  to  Fig.  14(a)  but  Taken 
140  psecs  after  the  Termination  of  a 60  psec  Discharge 
Pulse 

Vacuum  Reference  Interferogram  for  Figs.  14(a)  and 


Photograph  of  Mk  II  Pulsed,  High  Pressure  CO  Laser 
Facility 

Typical  Oscillograms  for  Lasing  Experiments  in  20% 

CO  - 80%  Gas  Mixtures  with  the  Mk  II  Device 

Near  Field  Burn  Patterns  Illustrating  Fresnel  Diffrac- 
tion from  the  Edges  of  the  Output  Coupling  Mirror  as 
well  as  from  the  Anode  Plane 

Measurements  of  Maximum  Small  Signal  Gain  as  Func- 
tions of  Terminal  Rotational  Level  for  Various  P-Branch 
Vibrational  Transitions 

Temporal  Variation  of  the  Probe  Laser  Intensity  while 
Oscillating  on  the  6P  (10)  and  9P  (9)  Transitions 

Prv°dictions  of  Maximum  Small  Signal  Gain  for  Various 
P-Branch  Transitions 


Comparison  of  Predicted  and  Measured  Time  to  Reach 
Maximum  Gain  as  a Function  of  7P  (J) 


30 

31 


32 


34 

35 

36 
38 
41 
45 


48 

50 

51 
53 


-X- 


LIST  OF  TABLES 


Table  Page 

I Performance  Characteristics  of  the  20  Liter  Discharge  3 

Cavity 

il  Performance  Characteristics  of  the  16  Liter  Transverse  4 

Flow  Discharge  Cavity 

III  Performance  Characteristics  of  the  20  Liter  Discharge  39 

Cavity 

IV  Performance  Characteristics  of  16  Liter  Transverse  42 

Flow  Cavity 

V Spectral  Measurements  in  20%  CO  - 80%  N2  or  Ar  47 

Mixtures 


1.0  INTRODUCTION 


The  overall  objective  of  this  combined  experimental  and  theoretical 
program  was  to  investigate  the  fundamental  physics  of  the  high  pressure 
electrical  CO  laser  and,  thereby,  to  develop  the  technology  for  high  pres- 
sure,  scalable,  electric  CO  lasers  exhibiting  properties  of  high  electrical 
efficiency,  good  beam  quality  and  with  the  potential  for  repetitively  pulsed 
operatior . The  specific  achievements  of  this  three  and  a half  year  program 
include:  1)  the  development  of  a detailed  kinetic  model  of  the  pulsed  elec- 

tTic  CO  laser  to  model  the  laser  performance  as  well  as  to  obtain  predic- 
tions  of  operating  performance  under  a variety  of  experimental  conditions; 

Z)  the  measurement  of  the  electron-ion  recombination  rate  in  high  pressure 
CO  discharges;  3)  the  development  of  the  technology  for  pulsed  CO  lasers 
operating  with  cryogenic  gas  temperatures  in  room  temperature  surround- 
ings with  pod  medium  homogeneity  to  produce  near  diffraction  limited  beam 
quality;  4)  parametric  measurements  of  the  performance  of  the  high  pressure 
Ipge  volume,  scalable  electric  CO  laser  including  measurements  of  effi- 
ciency, sppific  energy,  spectral  distribution,  small  signal  gain  behavior  and 
beam  quality. 

The  development  of  the  kinetic  model  of  the  pulsed  electrical  CO 
laser,  was  bapd  on  a previous  theoretical  investigation^^*  2)  of  the  effects 
of  pharmpicity  on  the  vibrational  distribution  in  a diatomic  molecule 
under  conditions  of  thermal  nonequilibrium.  The  detailed  kinetic  model 
was  developed  to  predict  the  time  dependence  of  the  total  lasing  efficiency. 

distributmn  of  the  stimulated  transitions,  energy  partitioning  in^ 
the  vibrpional  and  translational  modes,  and  translational  temperature 
history  in  various  CO-N2  and  CO-Ar  mixtures.  The  numerical  results 
have  been  compared  with  specific  experimental  measurements  of  pulse 

distribution,  and  small  signal  gain  variations. 
Although  the  model  predictions  are  in  overall  agreement  with  the  temporal 
varipion  of  the  laser  pulse  and  the  parametric  dependence  of  efficiency 
onset  delay  times  with  gas  mixture,  there  are  several  significant  discrep- 
ancies between  the  model  calculations  and  the  measurements,  specifically 
e maximum  small  signal  gain  and  the  temporal  variation  of  the  small 
signal  gam.  This  is  discussed  in  detail  in  Sections  II  and  V.  Section  II 
also  includes  reference  to  some  earlier  measurements  of  electron-ion  re- 
combination rate  constants  in  high  pressure  discharges  in  CO-No  gas  mix- 
tures. These  measurements  indicated  large  rate  coefficients  for  the  re- 

8 ‘hereby  implying  that  electric  discharges  in  CO  lasers 
should  be  dominated  by  electron-ion  recombination  rather  than  attachment 
processes. 

= K , room  temperature  discharge  cavities  were  designed 

and  built  under  this  program  for  operation  with  cryogenic  gases  together  with 
the  necessary  electron  beam  source  and  sustaining  discharge  ^ower  supplies. 


The  first  disci  xrge  cavity  had  a nominal  excitation  volume  of  20  liter  s and 
was  used  for  axperimental  measurements  at  both  room  temperature  and 
cryogenic  inlet  temperatures.  Table  I summarizes  the  maximum  pulse 
energies  and  efficiencies  at  the  two  different  operating  temperatures  in 
this  device.  The  efficiency  is  defined  as  the  ratio  of  the  measured  lasing 
output  energy  to  the  entire  energy  deposited  into  the  discharge,  as  deter- 
mined from  the  discharge  current  and  voltage  waveforms.  No  corrections 
have  been  applied  either  for  window  lo'iises  or  for  the  fact  that  the  electri- 
cal energy  is  deposited  over  a larger  volume  than  that  defined  by  the  stable 
resonator.  Interferometric  measurements  of  the  medium  quality  in  this 
device  indicated  very  large  thermal  nonuniformities  due  to  buoyancy  forces 
which  dominated  inertia  forces  because  of  the  very  low  flow  velocities  in- 
volved (of  the  order  of  10  cm  per  sec).  This  was  confirmed  b’  stme  meas- 
urements with  an  unstable  resonator  which  yielded  highly  nonuniform  dis- 
tribution of  flux  in  the  laser  beam.  (3) 

In  order  to  overcome  the  thermal  nonuniformities  observed  in  the 
first  discharge  cavity,  a second  cavity  system  was  designed  with  transverse 
flow  through  the  discharge,  typical  flow  velocities  being  of  the  order  of 
300  cm  per  sec.  This  system  had  an  active  volume  of  approximately  16 
liters.  A cryogenic  heat  exchanger  was  developed(3)  for  use  with  the  second 
cavity,  the  overall  objective  being  to  demonstrate  excellent  thermal  uniform- 
ity in  the  system  while  maintaining  a large  temperature  difference  between 
the  gas  and  the  walls  thereby  allowing  operation  with  a room  temperature 
environment.  Some  performance  characteristics  of  the  second  discharge 
cavity  are  listed  in  Table  II.  Near  field  burn  patterns  with  this  device  in- 
dicated 1.  5 X near-diffraction  limited  beam  quality  in  agreement  with  the 
interferometric  measurements  both  with  and  without  power  loading  in  the 
discharge. 

Experimental  results  of  beam  quality,  pulse  energy  and  efficiency, 
spectral  distribution  and  small  signal  gain  are  described  in  Section  V.  Small 
signal  gain  mar.surements  •^ere  made  in  both  discharge  cavities  and  the  re- 
sults exhibited  several  significant  discrepancies  with  the  theoretical  model 
predictions.  These  discrepancies  include  lack  of  evidence  of  absorption  be- 
fore gain  build-up  in  the  high  vibrational  transitions  and  a factor  of  2 - 4 
disagreement  in  the  magnitude  of  the  peak  small  signal  gain.  These  discrep- 
ancies have  not  yet  been  satisfactorily  explained  and  are  discussed  in  Section 
V.  Another  interesting  result  of  the  small  signal  gain  measurements  was 
the  first  experimental  observation  of  resonance  self— absorption  by  overlap- 
ping transitions  under  high  pressure/density  operations.  This  mechanism 
is  responsible  for  gain  suppression  on  certain  transitions. 

Much  of  the  work  in  this  program  has  been  described  in  previous 
contractual  reports  except  for  the  performance  characteristics  of  the  new 
transverse  flow  discharge  cavity.  Only  brief  details  of  this  earlier  work 
in  the  20  liter  discharge  system  are  included  in  this  final  report  and  the 
references  are  listed  at  the  end  of  the  report.  However,  an  attempt  has 
been  made  to  summarize  the  pertinent  results  and  detailed  description  is 
given  of  recent  experimental  results  with  the  new  discharge  cavity. 
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TABI  E I 


PERFORMANCE  CHARACTERISTICS  OF  20  LITER  DISCHARGE  CAVITY 


Mixture  ratio  20%  CO: 

80%  Diluent 

Density  - 

l/3  amagat 

Temperature^ 

(°C) 

Diluent 

Sus  tainer 
Electric 
Field 
(kV/cm) 

Laser 

Output 

(joules) 

Discharge 

Pulse 

Length 

(jLtsecs) 

Efficiency^^ 

(%) 

-140 

Nz 

2.5 

1500 

90 

20 

Ar 

1.3 

1700 

90 

19 

20 

^2 

3.  0 

700 

80 

6 

Ar 

2.0 

200 

40 

4 

♦ Estimated  minimum  temperature  based  on  interferometry  and  thermo- 
couple measurements, 

♦♦The  Efficiency  is  defined  as  the  ratio  of  the  measured  lasing  output 
energy  to  the  entire  energy  deposited  into  the  discharge,  as  determined 
from  the  discharge  current  and  voltage  waveforms. 


-3- 


TABLE  II 


PERFORMANCE  CHARACTERISTICS  OF  16  LITER 
TRANSVERSE  FLOW  CAVITY 


Mixture  ratio  20%  CO;  80%  Diluent 
Density  - l/2  amagat 
Temperature  80°K  to  100  K 

Beam  quality  better  than  1.  5 X diffraction  limited 


Diluent 

Sustainer 

Electric 

Field 

Laser 

Output* 

Discharge 

Pulse 

Length 

Efficiency 

(kV/  cm) 

(joules) 

(/isecs) 

(%) 

^2 

2.  5 

1560 

60 

35 

Ar 

1.  1 

1010 

40 

38 

Output  corrected  for  loss  due  to  one  uncoated  window 
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2.  0 KINETICS 


2.  1 MODELING 


the  eleclHcaUv^exc^fpH^rff  If^netic  processes  appropriate  to 

rate  eauations  ^ CO  laser  are  contained  in  the  master  vibrational 

‘ density  of  molecules  in  each  vibrational  level  These 

wirtTh'e  aDDronXr*^  el..wh«.  a.,d  are  outlined  in  Appendix  A ^o- 
1 A®  appropriate  gam  and  output  flu.v  equation.  Since  the  colli 
atonal  relaxation  proce.ae.  and  the  gain  are  deu-^dent  on  the  tranalationil 

SdS‘?T?"r^ 

Ml  e^nerg^-Utfe °a"  ItVireT^rvalfn^h*^^^^^^^^ 

opticai^rv1^V.%i?uSS\Th^  r‘"  P**'  vibrational  levels.  The 

cavity  is  assumed  to  oe  formed  by  two  paralleJ  mirrors 

hirn'"Sv%YS“:;;‘ “ ha«' 

vibrational  levels  There  is  zeroth  to  the  first  ten  excited 

cros.  aection.  Iro.  one  ^cierrr^tio^nXveTr^^^^^^^  “1*?““" 


the  excftatioifsK  ^ here,  typically  less  than  3 x 10"16  volt-cm2 


-5- 


significant  population  growth  in  the  excited  levels,  typically  30%  of  the  CO 
molecules,  some  allowance  must  be  made  for  excitation  from  these  levels. 

In  the  absence  of  experimental  cross  section  data  from  excited  levels  it  has 
been  assumed  that  the  net  excitation  rate  remains  unchanged  as  the  vibration- 
al distribution  is  altered.  This  implies  that  the  excitation  /ate  constants  are 
treated  to  be  primarily  a function  of  energy  loss  and  quite  insensitive  to  the 
initial  vibrational  state  of  the  molecule.  One  of  the  pitfalls  in  this  assump- 
tion is  that  vibrationally  excited  levels  of  CO  lie  closer  energetically  to  the 
resonance  state  of  CO  which  provides  the  dominanc  contribution  to  the  exci- 
tation cross  sections  and  therefore  the  energy  dependences  for  further  ex- 
citation from  these  levels  will  shift  towards  lower  energies  as  the  initially 
excited  level  more  closely  approaches  the  resonance.  This  will  clearly 
alter  the  overlap  of  the  cross  section  and  the  electron  energy  distribution 
and  may  invalidate  the  assumption  that  the  rate  constants  be  treated  as 
suggested.  The  situation  is  complicated  by  the  fact  that  the  overall  shape 
of  the  cross  sections  from  excited  states  may  not  be  constant  for  constant 
energy  loss  and  until  accurate  calculations  or  reliable  measurements  of 
the  relevant  cross  sections  become  available  the  actual  values  of  the  rate 
constants  will  remain  in  doubt. 

Proceeding  however  on  the  assumption  that  the  rate  constants  be 
treated  only  as  function  of  energy  loss  leads  to  a fixed  net  vibrational  ex- 
citation rate,  i.e.  rate  of  total  vibrational  excitation,  but  with  a modified 
distribution  to  each  level(o)  depending  on  the  initial  vibrational  distribution. 
One  other  approximation  has  been  made  in  obtaining  the  Boltzmann  solution 
to  the  electron  velocity  distribution  function  in  that  collisions  of  the  second 
kind  were  neglected. 

It  is  expected  that  these  approximations  will  lead  to  errors  in  the 
detailed  distribution  of  excitation  rate  conrcants  however  if  these  changes 
do  not  affect  the  rate  of  total  vibrational  excitation  then  they  are  not  ex- 
pected to  have  a major  impact  cn  the  present  numerical  calculations  for 
high  pressure  electrical  lasers.  This  conclusion  fallows  from  considera- 
tions of  the  operating  conditions  in  the  electron  beam  sustained  discharges. 
The  pressure  is  typically  of  the  order  of  one  atmosphere  so  that  the  char- 
acteristic time  for  vibration-vibra*-ion  relaxation,  Tv-V»  order 

of  10  to  10“^  secs.  This  is  much  less  than  the  corresponding  time  scale 
for  single  quantum  vibrational  excitation  which  is  of  the  order  of  10"'^  to  10"^ 
secs  for  typical  electron  densities  of  lO^^  per  cm^  or  less.  Under  these 
conditions  the  overall  heavy  particle  kinetics  should  be  insensitive  to  per- 
turbations in  the  distribution  of  excitation  rate  constants.  Thus,  the  cal- 
culations are  quasi  cw  in  the  sense  that  the  vibrational  distribution  reaches 
a local  equilibrium  on  a time  scale  short  compared  with  the  rate  of  electri- 
cal energy  input.  These  calculations  are  therefore  also  appropriate  to  cw 
excitation  such  as  in  existing  supersonic  CO  lasers.  It  should  be  pointed 

out  that  the  present  approximations  break  down  if  the  ratio  of  electron  den- 
sity tc  CO  density  is  increased  by  an  order  of  magnitude  or  more.  Thus, 
the  present  calculations  would  not  bs  applicable  to  thi?  high  electron  density, 
short  pulse  calculations  of  Rockwood,  et  al.  P'urthermore  it  is  unlikely 
that  the  detailed  modifications  to  the  various  rate  constants  derived  from 
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S,  effects  of  excited  states  would  conspire  to  validate 

the  simple  assumptions  regarding  their  role  in  affecting  the  electron 
kinetics  and  more  refined  calculations  are  clearly  desirable. 

2.  2 ELECTRON-ION  DISSOCIATIVE  RECOMBINATION  RATE  CONSTANT 

1 4.  program  there  were  no  data  available  on  the  dominanf 

proce'^B°s”et°determ'ir%\^  density  discharges  in  CO.  Sir.ce  these  loss 

proceeses  determine  the  required  electron  beam  source  etrencth  some 

"o^su^  wfftcS'denStf ' recomblatC  rate 

ing  fromT  z to°  7 eV  th  f”d  electron  tem.oeratures  vary- 

ly  300OK.  ■ temperatures  being  approximate- 

anH  « 1 "leasurementc  are  fully  described  in  an  eari'cr  publication^Z) 

and  only  the  major  conclusions  are  presented  here:  ^ 

1)  The  dominant  electron  loss  mechanism  is  two  body  dissociative 

siturnroVabW  ^,3'?'  Wih  experimental  den- 

sities  probably  being  tne  polymer (13)  CO+^i  (CO)n  where  n < 3 

r«se^io'-7'"  fn-°6 found  to  be  in  the 
rangt  10  - 10  «>  cm3/sec,  with  an  electron  temperature 

dependence  of  Te  associated  with  the  average  electron 
energy  from  0.  2 to  0.  7 eV.  ^ 

3)  A weak  pressure  dependence,  of  less  than  a factor  of  2,  was 
observed  as  shown  in  Fig.  1 which  summarizes  the  resulTs 

COMPARISON  OF  MODEL  PREDICTIONS  WITH  EXPERIMENTAL  DATA 

fi,..  1 kinetic  model  has  been  used  to  develop  detailed  predictions  of 

the  pulse  energy,  temporal  variation,  small  signal  gain  and^spectral  dis 
Thes*  r”  comparison  with  experimental  data  obtlined  in  this  program 
These  comparison  are  presented  in  Section  V as  well  as  being  described 
m previous  reports.  The  present  discussion  is  therefore  llmit^^^^^^^ 

^jor  agreement  and  di.crepanciea  between  the  model  and  the  experimental 

tmn  witJ^^iKi?^^^ 

eap‘ejrenWp-t- 

tivt  t;  the  h!“e^Tc't'p^j;-  daT':7u'cra^\rv!v"r'eir,^^^^^ 

itative  agreement  with  thf  moTeT^ndictions  ^ ^ experiments  are  in  qual- 


2.  3 
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Comparison  of  the  Normalized  Experimental  and  Predicted 
Temporal  Behavior  of  the  Laser  Output  Pulse  for  a 20%  CO 
and  80%  N2  Mixture 
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Comparison  of  the  Normalized  Experimental  and  Predicted 
Temporal  Behavior  of  the  Laser  Output  Pulse  for  a 20%  CO 
and  80%  Ar  Mixture 


Although  the  model  predicts  consistently  higher  efficiencies  than 
experimentally  observed,  even  with  the  very  uniform  16  liter  discharge 
cavity,  the  discrepancy  may  well  be  due  to  parasitic  oscillations  as  de- 
scribed in  Section  V.  The  maximum  experimental  efficiencies  observed 
in  this  program  were  approximately  35%  as  compared  with  the  predicted 
50  to  60%  overall  electrical  efficiency.  It  should  be  pointed  out  that  sim- 
ilar  experimental  measurements  at  Northrop  have  indicated  higher  ef- 
ficiencies up  to  60%  in  reasonable  agreement  with  the  kinetic  model. 

While  the  general  predictions  of  the  kinetic  model  are  in  fair  agree- 
ment with  the  experimental  data,  some  of  the  detailed  predictions  are  in 
strong  disagreement,  an  example  of  this  being  the  predictions  for  the 
temporal  variation  of  small  signal  gain(15),  jn  particular,  the  predicted 
maximum  small  signal  gain  is  always  found  to  be  a factor  of  2 to  4 larger 
than  the  experimentally  observed  gain.  Furthermore,  the  model  calcu- 
lations predict  that  in  the  approach  to  the  quasi  steady  vibrational  distri- 
bution the  partial  inversion  on  any  vibrational  level  should  be  preceded 
by  absorption  as  energy  flows  up  the  vibrational  ladder.  Figure  4 shows 
an  example  of  the  predictions  for  the  small  signal  gain  behavior  for  the 
PI  2 line  of  various  vibrational  levels.  These  calculations  illustrate  the 
time  variation  of  the  flow  of  energy  up  the  vibrational  ladder  and  indicate 
absorption  ahead  of  gain  which  was  not  observed  experimentally.  Experi- 
mental measurements  in  both  discharge  cavities  failed  to  observe  this  ab- 
sorption characteristic  and  this  implies  either  a fundamental  error  in  the 
kinetic  model  or  an  error  in  the  kinetic  data  used  in  the  model.  The  latter 
hypothesis  may  well  be  true  since  the  detailed  vibrational  distribution  pre- 
dicted  by  the  model  and  the  resultant  small  signal  gain  behavior  are  sen- 
sitively dependent  upon  the  kinetic  data  such  as  the  vibrational  relaxation 
rate  constants  for  a multitude  of  vibrational  interactions  as  well  as  the 
detailed  electron  excitation  kinetics. 

In  view  of  this  discrepancy  between  the  calculated  and  observed 
temporal  gain  dependence,  further  kinetics  calculations  were  performed 
substituting  variously  increased  relaxation  rates  for  both  the  near  and 
nonresonant  collisions.  This  procedure  reduced  the  amplitude  of  the  pre- 
dicted absorption  but  never  suppressed  it  entirely.  However,  there  is  no 
justification  for  this  procedure  since  the  rates  orieinally  employed(l)  agree 
well  with  the  limited  available  experimental  data.  No)  it  should  be  pointed 
out  here  that  in  general  the  probabilities  for  V-V  and  V-T  relaxation  pro- 
cesses have  only  been  measured  experimentally  for  the  low  vibrational 
levels  of  CO  and  various  theoretical  models (D  have  been  applied  to  predict 
the  high  level  relaxation  probabilities  normalized  to  the  experimental  value 
for  the  low’  levels.  The  electron  kinetics  have  been  less  rigorously  treated 
due,  principally,  to  the  lack  of  available  experimental  data  describing  col- 
lisions with  vibrationally  excited  molecules  and  furthermore  collisions  of 
the  second  kine  were  not  included. 


results  and  the  discrepancy  with  the  experiments  indicate 
the  need  for  niore  detailed  electron  & molecular  kinetic  data  as  well  as 
further  investigation  of  the  underlying  physics  in  the  kinetic  model  in  order 
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Predict^ns  of  the  Temporal  Variation  of  Small -Signal  Gain 
lor  the  P (12)  Line  of  Various  Vibrational  Bands 
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to  improve  the  agreement  with  experiment  and  the  understanding  of  the  CO 
laser.  It  should  be  re-emphasized  however  that  the  significant  discrepancy 
between  theory  and  experiment  is  only  evident  in  detailed  measurements 
directly  related  to  the  development  of  the  vibrational  distribution  function 
and  the  more  general  laser  character  predictions  appear  to  be  in  reasonable 
agreement  with  the  data. 
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3.  0 DISCHARGE  CAVITY/FLOW  SYSTEM 


One  of  the  primary  aims  of  this  program  has  been  the  development 
of  room  temperature  discharge  cavities  capable  of  operating  with  cryogenic 
gas  flow,  and  at  the  same  time  maintaining  good  density  uniformity  in  the 
gas.  The  intent  here  is  to  avoid  materials  compatibility  problems  due  to 
differential  contraction  and  expansion  of  the  hardware  and  electron  beam 
interface  which  would  occur  if  the  discharge  cavity  were  completely  cooled 
to  cryogenic  temperatures.  An  even  greater  problem  at  cryogenic  temper- 
atures concerns  the  interface  with  the  window  material,  CaFo  being  the 
usual  material  for  5 ^ systems.  Any  room  temperature  design  system 
clearly  has  practical  advantages  over  a cryogenically  cooled  system,  not 
least  of  vhich  is  the  necessity  in  a cryogenically  cooled  system  to  main- 
tain vacuum  insulation  surrounding  the  system.  In  the  initial  phase  of  ihe 
program  a 20  liter  discharge  cavity  system  was  designed  and  built  with 
cryogenically  cooled  electrodes  and  gas  supply  but  room  temperature  walls. 
This  system,  shown  schematically  in  Figs.  5 and  6,  has  been  described  in 
several  previous  reportsU^-19)  and  was  used  for  all  the  initial  performance 
measurements.  Because  of  the  small  flow  velocity  in  this  system  (10-20  cm/ 
sec)  buoyancy  forces  lead  to  considerable  thermal  nonuniformities ( ^ which 
severely  limited  the  performance  of  the  device  and  in  particular  the  optical 
beam  quality.  ^ 

As  a result  of  the  experience  gained  with  this  initial  20  liter  discharge 
cavity,  a new  transverse  gas  flow  system  was  designed  and  built  to  overcome 
^e  thermal  nonuniformities.  A schematic  of  the  flow  system  is  shown  in 
Fig,  7.  The  basic  concept  of  the  new  system  was  to  introduce  the  gas  through 
a porous  heat  exchanger  and  allow  free  convection  boundary  layers  to  be  es- 
tablished on  the  room  temperature  side  and  end  walls.  The  flow  was  directed 
vertically  upwards  to  insure  that  buoyancy  effects  were  favorable  and  to  avoid 
recirculation.  The  system  was  designed  to  produce  a uniform  flow  entering 
the  cavity  and  thereby  allow  formation  of  controlled  boundary  layers  on  the 
side  and  end  walls.  Boundary  layers  (as  opposed  to  recirculation  zones)  are 
desirable  because  they  concentrate  the  density  change  in  a narrow  region 
and  isolate  the  main  cold  flow  from  the  warm  walls.  In  addition,  the  trans- 
verse flow  configuration  had  the  advantage  of  utilizing  the  smallest  cross 
sectional  area  in  the  system  thereby  maximizing  the  flow  velocity  for  a given 

pumping  speed.  This  design  clearly  has  potential  application  to  repetitively 
pulsed  operations.  r / 

The  new  16  liter  flow  system  was  designed  for  operation  over  the 
teinperature  range  from  80°K  to  300°K,  and  was  made  to  be  compatible 
with  the  existing  20  cm  x 100  cm  electron  gun.  Eventually  the  500  cfm 
Stokes  pump  originally  employed  to  evacuate  and  to  pump  the  flowing  gas 
system  was  abandoned  in  favour  of  a dump  tank  facility.  By  using  a choking 
orifice  in  the  pumping  line  the  flow  velocity  could  be  varied  over  the  range 
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TO  VACUUM  PUMP 
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Fig.  5 Schematic  of  the  Mk  i Pulsed,  High  Pressure  CO  Laser 
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CAVITY  MODIFICATIONS 


09420 


Tig.  6 


Schematic  of  the  Cross  Section  of  the  Mk  I CO  Laser  Indicating 
Gas  Flow  and  Cavity  Modifications 


rom  100  cm  per  sec  to  1000  cm  per  sec.  Boundary  layer  calculations  in- 
dicated  that  medium  homogeneity  requirements  for  a near  diffraction  lim- 

ited  beam  could  be  met  with  flow  velocities  of  the  order  of  or  greater  than 
lUO  cm/sec. 

The  design  concept  of  the  heat  exchanger  wr  s to  use  a pre-cooled 
porous  plug  with  sufficient  thermal  capacity  to  cool  the  gas  for  transient 
operation  of  approximately  10  sec.  This  is  more  than  sufficient  for  pulsed 
operation  and  avoids  the  necessity  for  construction  of  a massive  hea.  ex- 
changer with  all  its  associated  liquid  nitrogen  plumbing.  The  heat  exchanger 
assembly  consisted  of  three  porous  plates  made  of  sintered  bronze  with  liquid 
nitrogen  tubes  embedded  in  the  porous  plates.  This  is  shown  schsmatically 
in  Fig.  8.  A photograph  of  the  heat  exchanger  showing  the  liquid  nitrogen 
manifold  IS  given  in  Fig.  9.  The  porous  plates  are  mounted  in  an  aluminum 
IS  mounted  inside  a Incite  box,  (see  Fig.  7).  Aluminum 
foil  radiation  shielding  was  used  around  the  heat  exchanger  and  since  the 
system  is  normally  under  vacuum,  except  during  the  pulse  operation,  the 
heat  exchanger  is  thermally  isolated  from  the  lucite  box. 

The  heat  exchanger  was  instrumented  with  many  thermocouples  and 
cryogenic  tests  indicated  temperature  uniformity  of  better  than  2°C  (the 
reading  accuracy  on  the  thermocouple  unit).  The  preliminary  interfero- 
metric measurements  of  the  medium  quality,  which  are  described  in  the 
previous  senu -annual  report,  indicated  excellent  thermal  uniformity  in 
the  system  with  an  integrated  temperature  variation  along  the  optical  axis 
of  a fraction  of  a degree  C.  The  detailed  medium  uniformity  tests  using 
an  interferometer  with  and  without  power  loading  in  the  gas  are  described 
in  the  Section  IV. 
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4.0  MEDIUM  QUALITY 


Interferometric  measurements  of  the  cold  flow  medium  homogeneity 
in  the  completed  laser  cavity  have  been  performed.  A conventional  Mach- 
Lshnder  interferometer  was  employed  for  these  investigations  and  the  opti- 
cal configuration  is  described  in  a previous  report.  Measurements  were 

performed  first  witnout  power  input  to  determine  whether  the  electrode  in- 
stallation had  substantially  interfered  with  the  flow  uniformity.  Previovis 
flow  measurements  without  electrodes  present  demonstrated  the  need  for 
certain  modifications  in  order  to  improve  the  initially  unsatisfactory  medium 
uniformity  to  a level  compatible  with  diffraction  limited  performance. 

The  introduction  of  a stainless  steel  screen  above  the  heat  exchanger  elim- 
inated turbulence  originally  present  in  the  gas  flow  which  was  thought  to  be 
due  to  coalescing  jets  emerging  from  the  porous  heat  exchanger  plates.  The 
flow  measurements  indicated  that  the  500  cfm  Stokes  pump  introduced  pulsa- 
tions into  the  gas  flow  and  this  was  therefore  eliminated  from  the  system  and 
a dump  tank  facility  introduced. 

The  original  flow  homogeneity  calculations  predicted  that  at  flow 
velocities  in  the  region  of  100  cm/sec  with  laminar  development  on  the 
side  walls,  boundary  layers  of  a suitable  thickne's  would  be  established 
which  would  provide  the  necessary  medium  uniformity  over  the  active 
volume  of  the  discharge.  However  in  practice  the  boundary  layers  were 
found  to  be  excessively  thick  and  more  consistent  with  a turbulent  rather 
than  laminar  development.  Increases  in  flow  velocity  were  found  to  reduce 
the  thickness  of  the  boundary  li'^ers,  however  the  mechanical  restraints 
imposed  by  the  heat  exchanger  restricted  the  available  range  of  operating 
velocities.  Eventually  a flow  velocity  of  approximately  400  cm/sec  was 
found  to  satisfy  the  medium  uniformity  requirements  and  to  be  compatible 
with  the  mechanical  limitations  of  the  system.  These  measurements  and 
modifications  have  been  fully  described  in  a previous  report^^^)  and  result- 
ed in  a much  improved  medium  quality  which  wa.e  compatible  with  diffrac- 
tion-limited operation. 


Figure  10a  shows  a cold  flow  interferogram  taken  at  a pressure  of 
l/6  atms  and  with  the  heat  exchanger  at  100°K,  (equivalent  to  a density  of 
l/Z  amagat)  .^^<3  with  the  electrodes  cooled  to  approximately  200°K.  As  in 
the  previous'  ' measurements  refractive  effects  in  the  warmer  boundary 
layers  appareiitly  displace  the  flow-walls  outwards  and  exaggerate  the  thick- 
ness of  the  boundary  layers.  Similar  refractive  effects  close  to  the  electrodes 
render  their  outlines  indistinct.  The  electrode  locations  are  plainly  visible 
in  the  vacuum  interferogram  shown  in  Fig.  10b.  In  the  right  side  of  Fig.  10b 
the  anode  electrode  can  be  seen  to  protrude  further  beyond  the  flow-wall  than 
does  the  cathode  on  the  left  side.  The  E-beam  foil  is  flush  with  the  flow-wall 
behind  the  cathode.  Potential  distribution  calculations^^^ ) showed  that  this 
asymmetric  configuration  relieved  stress  concentration  in  the  electric  field 
and  minimized  non-uniformities  in  the  deposition  of  electrical  energy  into  the 
gas. 
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Fig. 


10(a)  Interferogram  of  the  Medium  Homogeneity  in  the  Mk  II  Ca  uty 
Taken  at  a Pressure  of  1 /6  atms  at  a Temperature  of  100°K 
and  a Flow  Velocity  of  400  cm/sec.  The  electrodes  were 
cooled  to  approximately  200  K. 
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Fig.  10(b) 


Vacuum  Reference  Interferogram  for  Figs.  10(a)  and  lC(c) 
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Thi*  inclined  fringes  visible  in  Fig.  10a  were  observed  in  eailier 
flow  tests  and  were  ascribed  to  a small  temperature  gradient  across  the 
heat  exchanger.  At  that  time  it  was  pointed  out  that  such  a gradient  in  the 
medium  could  be  compensated  by  introducing  a suitable  tilt  in  the  cavity 
optics.  This  is  verified  in  Fig.  10c  which  was  photographed  under  similar 
conditions  to  Fig.  10a  but  with  one  interferometer  mirror  tilted  to  compen- 
sate for  the  temperature  gradient  in  the  medium.  The  original  design  goal 
was  to  achieve  1.  5 times  diffraction  limited  quality  in  the  cold  gas  medium 
which  under  these  experimental  conditions  corresponds  to  a maximum  var- 
iation in  optical  path  equivalent  to  one  fringe  at  5000  A*.  Figure  10c  shows 
that  this  criterion  has  been  met  over  approximately  90%  of  the  volume  con- 
tained within  the  electrodes. 

These  measureiTients  were  then  repeated  with  power  into  the  cavity. 
Interferogranis  were  tal'f'n  at  a variety  of  elapsed  times  a'^ter  termination 
of  a 60  /isec  discharge  pulse.  Figures  11a  and  11b  are  cold  flow  interfero- 
grams  taken  at  1/  6 atm  pressure  and  at  a gas  temperatu?  e of  approximately 
SO^^K  corresponding  to  a density  of  l/2  amagat.  The  vacuum  interferogram 
is  shown  in  >'ig.  1 Ic.  The  excitation  pulse  length  was  60  jusecs  during  which 
approximately  5000  joules  were  deposited  in  the  gas  corresponding  to  a pump- 
ing rate  of  5-(i  kwatts/cm^.  Figure  11a  was  taken  at  the  end  of  the  discharge 
pulse  and  Fig.  lib  40  /xsecs  later.  Both  interferograms  show  degradation 
of  the  medium  due  to  acoustic  wave  distrubances  propagating  towards  the 
center  of  tlie  cavity.  The  reduction  in  width  of  the  central  good  portion  of 
the  medium  as  the  acoustic  waves  propagate  across  the  cavity  is  clear  from 
a comparison  of  Figs.  11a  and  11b  with  the  zero  power  input  int<_  rger ogram 
shown  in  Fig.  10c.  During  the  discharge  pulse  energy  is  uniformly  deposit- 
ed in  the  cavity  producing  bulk  heating  of  the  medium  and  thus  a pressure  in- 
crease occurs  within  the  discharge  region.  Since  the  medium  behind  the 
electrodes  is  not  similarly  heated  a pressure  gradient  is  developed  across 
the  electrodes  leading  to  a net  outward  motion  of  the  gas  through  the  open 
electrode  structures.  These  acoustic  wave  disturbances  are  visible  as 
rarefraction  waves  in  Figs.  11a  and  11b  propagating  inwards  from  the  elec- 
trodes. An  additional  feature  appearing  as  an  abrupt  change  in  gradient  is 
visible  on  the  leading  edge  of  the  cathode  wave.  This  is  attributed  to  the 
intense  heating  which  occurs  in  the  cathode  fall  region. 

Interferograms  similar  to  Figs.  11a  and  11b  have  been  analyzed  to 
yield  the  density  gradients  across  the  cavity  due  to  the  acoustic  waves. 

Figure  12  shows  such  a plot  in  terms  of  the  fractional  density  change  Ap/p. 
The  density  gradients  associated  with  the  acoustic  disturbances  will  affect 
the  spatial  profile  of  the  laser  beam  by  causing  refractive  effects.  Th  se 
effects  have  been  previously  reported  in  studies  of  high  power  pulsed  me- 
tric CO  lasers'  ' and  have  been  shown  to  cause  as  much  as  a 25%  po\ 
reduction  in  the  intensity  of  the  far-f;eld  central  spot. 

Near  field  burn  patterns  such  as  those  shown  in  Figs.  13a  and  13b 
show  narrower  regions  of  energy  extraction  in  the  vicinity  of  the  electrodes, 
than  would  tje  expected  from  the  extraction  region  geometrically  defined  by 
the  resonator  design.  This  is  particularly  noticeable  in  the  region  adjacent 
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Profile  of  the  Fractional  Density  Change  Ap/p  across  the 
Laser  Cavity  Due  to  Acoustic  Wave  Disturbances  at  the 
Termination  of  a 60  nsec  Discharge  Pulse 
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the  duration  of  the  laser  outnut  nnlo  • previously  reported  since 

laser  output  pulse  is  considerably  shorter  in  this  device. 

pressurt^TvpicariL^^^  performed  at  l/l2  atms 
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at  the  termination  of  the  discharge  pulse  and  rtg  was  obtained 

Clearly  in  Fig.  14b  the  acr.i,«f;.-  „ u ^ /isecs  later, 

medium  c mpletely  degrading  the  interacted  with  the 

is  shown  in  Fig.  14c.  Interff vacuum  reference  pattern 
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! Fie  14(a)  Cold  Flow  Interferogram  of  the  Medium  Homogeneity  at  l/l2 

! ’ atms  and  at  80°K.  The  interfe rogram  was  taken  at  the  termina- 

I tion  of  a hOfisec  discharge  pulse. 
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5.  0 EXPERIMENTAL  RESULTS 


This  section  describes  experimental  measurements  of  laser  energy 
and  efficiency,  beam  quality  including  near-field  diffraction  burn  patterns, 
spectral  distribution  in  the  lasing  pulse  and  small  signal  gain  measurements 
obtained  with  the  two  discharge  cavities  developed  under  this  program. 

Since  most  of  the  results  obtained  with  the  original  20  liter  discharge  system 
have  been  described  in  previous  reports those  results  are  only  briefly 
summarized  in  the  present  section.  More  detailed  description  is  given  of 
the  results  obtained  with  the  new  16  liter  discharge  cavity  which  wap  designed 
to  produce  a near  diffraction  limited  beam  as  described  earlier  in  this  report. 
A photograph  of  the  pulsed  electric  CO  laser  with  the  16  liter  ca^dty  is  shown 
in  Fig.  15. 

5.  1 PULSE  ENERGY  AND  EFFICIENCY  MEASUREMENTS 

Measurements  of  total  pulse  energy  and  overall  electrical  efficiency 
were  made  with  both  flow  systems  (described  in  Section  III)  using  stable  and 
unstable  resonator  cavities.  The  stable  resonator  employed  a 30%  hole- 
coupled  output  mirror  together  with  a 5 meter  radius  full  reflector.  Con- 
focal  unstable  resonators  were  also  used  with  most  of  the  experimental  data 
being  obtained  with  a 7 2%  coupled  square  output  mirror.  The  thermionic 
electron  gun  used  in  these  experiments  was  the  same  for  both  discharge 
ca^dties.  The  electron  beam  cross  section  was  20  cm  x 100  cm  with  a max- 
imum total  electron  beam  current  of  approximately  20  amps  after  the  foil 
corresponding  to  10  milliamp  per  square  cm.  Both  CO-Ar  and  CO-N2  mix- 
tures were  employed  in  these  experiments,  the  gas  being  precooled  to  liq- 
uid nitrogen  temperature  for  most  of  the  experiments.  Some  experimental 
measurements  were  also  made  in  the  20  liter  system  using  CO-N2  and  CO-Ar 
mixtures  at  room  temperature.  The  typical  gas  pressures  were  approximate- 
ly 120  torr  with  the  pulse  length  variable  from  20  to  100  microseconds. 

Pulse  energies  in  excess  of  1000  joules  were  obtained  with  the  20 
liter  discharge  cavity  as  shown  in  Table  III.  The  maximum  measured  ef- 
ficiency of  approximately  20%  was  low  in  comparison  with  the  predicted 
50%  electrical  efficiency.  This  discrepancy  is  thought  to  be  primari^  re- 
lated to  the  very  poor  thermal  nonuniforrnity  in  the  20  liter  system.  (^4) 
Although  the  gas  was  preconditioned  to  approximately  80  or  90°K  interfero- 
metric measurements  suggested  that  the  minimum  gas  temperature  in  the 
20  liter  cavity  was  approximately  140°K  with  large  gradients  toward  the 
walls.  Near  field  burn  patterns  obtained  with  a 50%  coupled  unstable  reson- 
ator further  confirmed  the  nonuniform  density  and  excitation  in  the  system. 

Significantly  higher  electrical  efficiency  was  measured  with  the 
recently  developed  I6  liter  discharge  cavity  using  both  the  stable  and  unstable 
resonators.  Because  of  the  large  optical  cross  section  in  these  devices. 
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TABLE  III 


PERFORMANCE  CHARACTERISTICS 


OF  20  LITER  DISCHARGE  CAVITY 


Mixture  ratio  20%  CO:  80%  Diluent 
Density  * 1/3  amagat 


Temperature* 

(°C) 

Diluent 

Sus  tainer 
Electric 
Field 
(kV/cm) 

Laser 

Output 

(joules) 

Discharge 

Pulse 

Length 

(lisecs) 

Efficiency** 

(%) 

-140 

2.  5 

1500 

90 

20 

Ar 

1.3 

1700 

90 

19 

20 

^2 

3.0 

700 

80 

6 

Ar 

2.0 

200 

40 

4 

coupTe  meaTu^e^^^^^  interferometry  and  thermo- 

energy  to  the"" en\*  re^  eneJg^d^p^os^^^^^ 

from  the  discharge  curren^E  anr^ltag'wate W ""  determined 
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10  cm  X 20  cm  nominally  for  the  20  liter  system  and  8 cm  x 20  cm  nominally 
for  the  16  liter  system,  the  Cap2  windows  were  not  large  enough  tc  cover 
the  entire  cross  section  and  so  measurements  were  made  with  only  half  the 
optical  volume  using  the  center  line  of  the  discharge  as  a boundary.  By  dis- 
placing the  optical  system  it  was  possible  to  obtain  measurements  from  each 
half  of  the  discharge  volume  and  these  measurements  indicated  symmetry 
about  the  center  line.  Care  was  taken  in  these  experiments  to  completely 
mask  the  optically  inactive  side  of  tho  cavity  to  prevent  any  cross  talk. 

Major  difficulty  was  experienced  with  the  anti  reflection  coating  on 
the  Cap2  windows  used  in  these  experiments.  These  coatings  were  easily 
destroyed  in  the  lasing  experiments.  As  a result  most  of  the  measurements 
were  made  with  uncoated  windows  or  at  most  only  one  coated  window.  The 
lack  of  anti  reflection  coatings  had  only  a relatively  small  effect  on  the  out- 
put measurements  and  this  effect  has  been  included  in  estimating  tne  overall 
electrical  efficiency  in  these  experiments. 

Figure  16  shows  some  typical  oscillograms  for  lasing  experiments 
in  20%  CO-  80%  N2  with  the  16  liter  discharge  cavity.  The  difference  in 
the  voltage  and  current  wave  forms  between  these  oscillograms  results  from 
different  configurations  used  in  the  capacitor  tank  which  supplies  the  energy 
to  the  electron-beam-sustained  discharge.  In  some  experiments,  (Fig.  I6a) 
the  capacitors  were  wired  in  parallel  to  pro /ide  minimum  voltage  drop  and 
uniform  power  input  during  the  pulse,  while  other  experiments  (Fig.  I6b)  were 
performed  with  the  capacitors  wired  in  series  thus  providing  a relatively  high 
initial  voltage  but  with  a very  large  droop  in  this  voltage  (and  consequently  in 
the  power  input).  The  highest  electrical  efficiencies  were  generally  obtained 
with  the  latter  configuration  in  which  the  power  input  is  very  high  initially. 

This  corresponds  to  operating  at  somewhat  higher  E/N  as  comj.pared  with 
the  uniform  power  input  experiments.  Table  IV  summarizes  the  results  ob- 
tained in  the  new  discharge  cavity. 

The  laser  pulse  energy  was  measured  with  an  anodized  aluminum 
calorimeter.  The  surface  of  this  device  was  machined  with  30°  included 
angle  grooves  covering  the  entire  surface  in  order  to  increase  the  absorp- 
tion of  the  5 micron  radiation  as  described  1 an  earlier  report,  (^o)  Because 
of  the  relatively  high  laser  flux  some  sur'  .:e  ablation  can  take  place  from 
the  calorimeter  as  evidenced  by  discoloration  of  the  surface.  Since  this  tends 
to  underestimate  the  pulse  energy  several  measurements  were  made  in  which 
a CaF2  beam  splitter  was  used  in  the  main  laser  beam  to  reflect  approximate- 
ly 6%  of  the  incident  energy  onto  the  calorimeter,  thereby  reducing  the  flux 
density  onto  the  calorimeter.  Both  energy  measurements  agreed  to  better 
than  20%.  A more  serious  problem  in  the  energy  measurements  was  indi- 
cated by  burn  patterns  taken  with  heat  sensitive  paper  mounted  in  the  near 
field.  Two  extreme  examples  are  shown  in  Figs.  13a  and  13b.  These  burn 
patterns  were  produced  with  the  72%  coupled  unstable  resonator  using  a 
square  output  mirror  and  should  produce  a square  beam  pattern.  The  black 
areas  inside  the  light  pattern  represent  complete  burn  through  the  heat  sen- 
sitive paper.  The  burn  pattern  in  Fig.  13a  is  fairly  uniform  with  the  excep- 
tion of  the  dark  area  outside  the  main  beam  area  in  the  upper  left  hand  corner. 
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Typical  Oscillograms  for  Lasing  Experiments  in  20%  CO  - 
80%  Gas  Mixtures  with  the  Mk  II  Device . 

In  Fig.  16(a),  the  capacitor  bank  supplying  discharge  pump- 
ing power  was  wired  in  parallel;  in  Fig.  16(b),  a series  con 
figuration  was  employed. 
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TABLE  IV 


PERFORMANCE  CHARACTERISTICS  OF  16  LITER 
TRANSVERSE  FLOW  CAVITY 


Mixture  ratio  20%  CO:  80%  Diluent 
Density  - l/2  amagat 
Temperature  80°K  to  100°K 

Beam  quality  better  than  1.  5 X diffraction  limited 


Diluent 

Sustainer 

Electric 

Field 

Laser 

Output* 

Discharge 

Pulse 

Length 

Efficiency 

(kV/  cm) 

(joules) 

(jUsecs) 

(%) 

2.  5 

1560 

60 

35 

Ar 

1.  1 

1010 

40 

38 

Output 

corrected  for 

loss  due  to 

one  uncoated  window 

^his  is  accentuated  in  the  extreme  example  in  Fig.  13b  in  which  the  pattern 
18  severely  distroted  in  the  upper  half.  This  distortion  results  from  para- 
sitic oscillation  which  has  robbed  the  gain  medium  ia  the  upper  part  of  the 
pattern.  Careful  masking  of  the  optical  region  did  not  completely  eliminate 
the  parasitic  oscillation  which  was  further  evidenced  by  burn  areas  on  the 
mirror  holders.  Unfortunately,  there  was  not  sufficient  time  to  investigate 
this  parasitic  oscillation  properly  and  it  is  not  clear  whether  this  parasitic 
18  due  to  reflection  from  the  dan^^ged  or  uncoated  v/indows,  or  whether  it  is 
due  to  a reflection  from  the  mirror  holders  themselves.  Since  it  was  not 
possible  to  completely  eliminate  the  psrasitic  oscillation  with  external  mask- 
ing of  the  windows  or  mirror  holders,  this  would  suggest  that  the  parasitic 
18  initiated  by  some  internal  reflection  in  the  cavity.  These  parasitic  oscil- 
lations were  evident  in  the  experiments  in  both  halves  of  the  optical  cavity 
and  their  presence  tends  to  decrease  the  output  lasing  energy  since  the  para- 
sitic oscillation  robs  the  active  gain  medium.  The  measured  maximum  elec- 
trical effirier/cies  may  therefore  be  considered  to  underestimate  the  potential 
niaximum  efficiency  in  the  system. 

The  temporal  variation  of  the  lasing  pulse  is  in  good  agreement  with 
the  model  prediction  in  both  the  delay  time  to  reach  threshold  and  the  time 
to  reach  peak  intensity.  This  is  evident  in  Fig.  2 which  compares  the  I.  R. 
signal  for  the  20%  CO-80%  N2  mixture  of  Fig.  I6b  with  the  prediction  of  the 
kinetic  model.  The  peak  fluxes  have  been  normalized  to  unity  for  compari- 
son of  the  waveforms.  However  the  predicted  efficiency  is  almost  60%  com- 
measured  35%.  A similar  comparison  for  experiments  in 
20%  CO-80%  Ar  mixtures  is  shown  in  Fig.  3.  In  this  case  the  flux  Appears 
to  decrease  faster  than  predicted  in  the  tail  of  the  pulse  and  there  were  Home 
experimental  indications  that  the  electrical  efficiency  was  higher  for  some- 
what shorter  pulses,  approximately  50  naec. 

Although  the  measurements  of  the  temporal  characteristics  of  the 
lasing  pulse  were  found  to  compare  very  well  with  the  model  predictions  a 
significant  difference  was  observed  between  these  results  and  those  obtained 
by  the  Northrop  program.  The  Northrop  data  for  CO/N2  mixtures(29)  i„di_ 
cates  that  the  duration  of  the  lasing  pulse  greatly  exceeds  the  electrical 
pumping  pulse  length  and  that  the  lasing  pulse  length  increased  as  the  ratio 
of  CO  to  N2  decreased.  An  explanation  of  these  data  in  terms  of  V-V  trans- 
fer from  N2  to  CO  was  suggested  and  a calculation  of  the  expected  transfer 
rate  expe^ed  to  occur  in  the  discharge  supports  this  suggestion.  However 
lor  N2:  CO  ratios  of  4:  1 the  Northrop  data  indicates  that  approximately  50% 
of  the  lasing  energy  is  extracted  after  the  cessation  of  the  lasing  pulse.  If 
from  N2  is  thought  to  be  responsible  for  this  phenomena  then 
the  Northrop  results  imply  that  at  the  termination  of  the  discharge  approxi- 
mately 50%  of  the  energy  is  stored  in  the  nitrogen  vibrational  manifold; 
however  our  rtiodel  calculations  predict  that  for  this  particular  mixture  the 
ratio  of  vibrational  energy  stored  in  N2  compared  to  CO  is  only  20%.  Ex- 
periments performed  by  Northrop  with  Ar/CO  mixtures  of  similar  dilutions 
certainly  yielded  shorter  lasing  pulse  lengths  in  support  of  the  V-V  transfer 
mechanism,  however  even  the  duration  of  these  lasing  pulses  still  greatly 
exceeded  the  pumping  pulse  length  and  modeling  the  discharge  pumping 
mechanism  described  by  Northrop  we  are  unable  to  duplicate  their  data 
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either  experimentally  or  theoretically.  Since  the  pumping  rates  employed 
in  these  experiments  were  generally  higher  than  in  the  Northrop  experiments, 
quenching  of  the  vibrationally  excited  molecules  by  superelastic  collisions 
with  electrons  was  considered  as  a mechanism  possibly  responsible  for  this 
discrepancy  since  this  process  is  not  included  in  the  model  calculations.  In 
order  to  test  this  hypothesis  experiments  were  performed  at  reduced  pump- 
ing  rates  by  reducing  the  E-beam  ionizer  current.  However  over  the  pump- 
ing range  investigated  which  overlapped  with  the  Northrop  mode  of  operation 
only  a gradual  reduction  in  both  lasing  energy  and  efficiency  was  observed, 
thus  superelastic  electron  collisions  are  not  thought  to  be  responsible  for 
the  discrepancy. 

*he  presence  of  impurities  in  the  gas  offers  a further  possible  quench- 
ing mechanism  by  either  V-V  or  V-T  transfer.  Common  condensable  vapors 
such  as  water  if  present  in  the  gas  originally  would  be  expected  to  be  effi- 
ciently trapped  as  the  gas  flows  through  the  cryogenic  heat  exchanger.  Leaks 
developed  in  the  cavity  would  admit  common  atmospheric  constituents  and  the 
presence  of  significant  amounts  of  oxygen  would  soon  become  apparent  due  to 
the  effect  of  electron  attachment  to  oxygen  which  would  cause  a reduction  in 
discharge  current.  Such  effects  were  not  observed  and  currently  the  dis- 
crepancy between  the  two  sets  of  data  remains  unexplained. 

5.  2 BEAM  QUALITY 

An  estimate  of  the  beam  quality  can  be  obtained  from  the  interfero- 
metric measurements  discussed  in  Section  IV  as  well  as  from  diffraction 
phenomena  exhibited  in  the  near  field  burn  patterns.  In  principle  one  would 
also  like  to  measure  the  intensity  distribution  in  the  far  field  but  time  limita- 
tions in  the  program  did  not  permit  these  experiments.  Figure  17a  and  17b 
ijhow  burn  patterns  illustrating  Fresnel  diffraction  from  the  edges  of  the  out- 
put mirror  of  the  unstable  cavity  as  well  as  from  the  anode  plane.  Figure  17a 
corresponds  to  a burn  pattern  taken  60  cm  away  from  the  output  mirror  and 
Fig.  17b  is  a burn  pattern  taken  500  cm  away.  The  diffraction  pattern  from 
the  output  mirror  is  clearly  evident  in  Fig.  17a  in  which  the  fringe  spacing 
increases  with  distance  away  from  the  mirror  edges,  whereas  in  Fig.  17b 
the  diffraction  from  the  anode  is  evident  and  the  fringe  spacing  decreases 
as  one  moves  in  from  the  right  hand  edge  towards  the  output  mirror. 

The  intensity  contour  for  Fresnel  diffraction  at  a straight  edge  can 
be  readily  predicted  in  terms  of  the  distance  between  the  source  screen  and 
diffraction  edge  and  the  wavelength.  For  a source  effectively  at  infinity  the 
distance  along  the  screen  is  given  byw®) 


where  b is  the  distance  between  the  diffraction  edge  and  the  screen,  X is  the 
wavelength  and  v is  the  variable  defining  the  Fresnel  integrals.  One  can 
estimate  the  divergence  angle  of  the  beam  which  would  cause  complete  over- 
lap of  the  Fresnel  diffraction  at  any  fringe  position.  By  counting  the  number 
of  visible  fringes,  one  can  then  make  an  estimate  of  this  maximum  divergence 
in  order  to  estimate  how  many  times  diffraction  limited  the  actual  beam  is. 
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tion  from  the  Edges  of  the  Output  Coupling  Mirror  as 
well  as  from  the  Anode  Plane.  Figure  17(a)  was  take 
60  cm  from  the  output  coupling  mirror  and  Fig  17^b) 
500  cm  away.  ^ 
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Since  the  scale  size  on  the  screen  increases  as  the  square  root  of  b,  the 
distance  between  the  diffraction  edge  and  the  screen  (see  the  above  equation), 
the  fringe  overlap  criteria  is  clearly  more  sensitive  with  increasing  dis- 
tance from  the  screen.  Thus  from  diffraction  patterns  such  as  shown  in 
Fig.  17b  one  can  readily  show  that  the  beam  is  at  most  1. 5 times  diffraction 
limited.  It  should  be  emphasized  that  this  is  an  upper  bound.  It  is  also 
important  to  n ^'ice  from  Figs.  17a  and  17b  that  the  diffraction  pattern  ap- 
pears uniform  over  the  entire  burn  area  and  runs  from  edge  to  edge  indi- 
cating uniform  beam  quality  over  the  entire  optical  cross  section. 

5.  3 LASER  SPECTRAL  DISTRIBUTION 

Some  measurements  were  made  of  the  output  spectrum  of  the  16 
liter  discharge  cavity  using  the  unstable  resonator  with  72%  output  coupling. 
These  measurements  were  made  with  both  20%  CO  diluted  in  N2  and  20% 

CO  diluted  in  Ar  and  at  two  different  power  input  loadings  for  the  CO-Ar 
mixtures.  The  measurements  were  performed  by  positioning  the  entrance 
slit  of  an  Optical  Engineering  Spectrum  Analyzer  immediately  behind  a 
small  aperture  placed  in  the  near  field  and  photographing  the  spectrum 
displayed  upon  the  fluorescent  screen  of  the  instrument. 

Table  V summarizes  the  tentative  identification  of  the  spectra  and 
their  relative  strengths.  In  both  gas  mixtures,  the  model  would  predict 
that  the  lowest  transition  found  to  oscillate  under  the  given  power  inpul 
loading  should  be  the  4 -►  3 transition,  experimentally  the  5 -►  4 transition 
was  the  lowest  observed.  However,  it  should  be  pointed  out  that  resonant 
self  absorption,  the  effects  of  which  are  discussed  in  the  following  section 
may  modify  this  output  spectra  significantly.  One  puzzling  feature  of  the 
spectra  in  CO-Ar  mi:  "^.res  is  the  apparent  lack  of  variation  of  the  rotation- 
al level,  J,  with  vibrational  level  as  compared  with  the  results  in  CO-N2 
in  which  the  rotational  level  generally  appears  to  decrease  as  the  vibra- 
tional level  increases  in  agreement  with  the  predictions  based  on  the  kinetic 
model.  We  do  not  have  any  interpretation  for  this  observation  at  present. 

It  should  also  be  pointed  out  that  the  spectral  distribution  is  influenced  by 
the  amount  of  output  coupling  and  that  decreasing  the  output  coupling  would 
in  principle  lead  to  oscillation  of  lower  rotational  and  possibly  vibrational 
levels. 

5.4  SMALL  SIGNAL  GAIN  MEASUREMENTS 

Small  signal  gain  measurements  were  made  in  both  discharge  cavities 
by  monitoring  the  intensity  of  a probe  laser  after  transmission  through  the 
discharge.  The  probe  laser  was  a stable/line-selected  C.  W.  CO  laser. 

Only  a limited  set  of  data  was  taken  with  the  16  liter  thermally  uniform  dis- 
charge  cavity  but  these  measurements  agree  both  ir.  character  and  magni- 
tude with  the  measurements  taken  in  the  20  liter  discharge  cavity  and  de- 
scribed in  detail  in  Refs.  25  and  27. 

The  variation  of  the  peak  small  signal  gain  with  the  lower  rotational 
level  P(J)  for  various  vibrational  bands  is  shown  in  Fig.  18.  Maximum  gain 
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Measurements  of  Maximum  Small  Signal  Gain  as  Functions 
. Rotational  Level  for  Various  P-Branch  Vibra- 

tional Transitions.  The  measurements  were  obtained  on 
the  Mk  I CO  laser. 


of  approximately  4 1/2%  cm  was  measured  on  the  9P(10)  and  8P(10)  transi- 
tions in  this  set  of  data  taken  in  the  20  liter  discharge  cavity.  Most  of  the 
data  for  a particular  vibrational  transition  showed  a smoothly  varying  dis- 
tribution as  shown  in  Fig.  18.  The  5P)12),  5P(13),  6P(10)  and  7P(10)  transi- 
tions did  not  conform  to  this  pattern  and  exhibited  anomalously  low  gain.  The 
displacements  of  the  6P(10)  and  7P(10)  data  points  from  the  corresponding 
smooth  curves  are  indicated  in  Fig.  18  by  the  vertical  arrows. 

Typical  oscillograms  of  the  temporal  gain  behavior  together  with  the 
discharge  current  waveform  are  shown  in  Fig.  19.  The  9P(9)  oscillogram 
18  representative  of  all  except  those  transitions  with  anomalously  low  gain. 
Lacina  and  McAllister'^ f ) have  attributed  the  absence  of  several  lasing 
transitions  to  resonance  absorption  of  those  transitions  by  overlapping 
transitions.  The  extent  of  the  overlap  and  the  population  distribution  deter- 
mine the  degree  of  absorption.  For  example,  the  6P(10)  transition  is  over- 
lapped b^  the  8P(3)  transition,  the  separation  of  the  unshifted  lines  being 
.11  cm-  and  for  the  present  experimental  conditions  the  lines  are  pressure 
broadened  with  the  half  width  of  approximately  . 03  cm“^  (FWHM).  Thus 
absorption  occurs  due  to  overlap  between  the  wing  of  the  8R(3)  transition 
and  the  line  center  of  the  6P(10)  line.  Since  the  peak  of  the  rotational  dis- 
tribution IS  expected  to  occur  close  to  the  J = 7,  the  absorption  will  mainly 
occur  by  overlap  with  transitions  involving  lower  rotational  levels. 

Figure  20  shows  the  predicted  .’.^pendence  of  small  signal  gain  in 
each  vibrational  band  as  a function  of  P(J)  for  our  estimated  experimental 
con  * Uons.  In  contrast  to  the  measurements,  the  maximum  gain  is  predicted 
to  oc  ur  on  the  12P(10)  transition  and  magnitudes  of  the  peak  gain  on  all 
transitions  are  calculated  to  be  significantly  higher  than  the  measured  values. 

absorption  of  the  6P(10)  and  7P(10)  transitions  by  the  8R{3)  and 
9R(3)  levels  respectively  was  included  in  the  gain  calculation.  The  effect 
IS  indicated  in  Fig.  20  by  the  vertical  arrows  which  indicate  the  extent  of 
the  gain  suppression.  The  predictions  are  in  qualitative  agreement  with 
the  measurements  shown  in  Fig.  18. 

Similar  results  were  obtained  with  the  16  liter  discharge  cavity.  One 
puzzling  feature  of  all  the  gain  experiments  is  the  observation  that  the  ma- 
jority of  the  transitions  do  not  exhibit  the  initial  absorption  predicted  by  the 
kinetic  model  calculations  and  shown  in  Fig.  4.  (The  anomalous  transitions 
exhibit  initial  absorption  followed  by  either  anomalously  low  gain  or  further 
absorption  at  later  times  in  contrast  to  the  majority  of  the  transitions  which 
exhibit  gain  initially  which  then  decays  to  zero  or  occasionally  to  absorption). 

It  should  be  emphasized  that  in  all  these  experiments  the  signal  to  noise 
detection  sensitivity  was  sufficient  to  reveal  absorption  levels  as  lew  as  . 2% 
por  cm  which  is  well  below  the  predicted  values.  This  disagreement  between 
measurement  and  calculation  with  regard  to  initial  absorption  is  not  under- 
stood at  present.  Although  the  degree  of  absorption  predicted  by  the  kinetic 
model  IS  sensitively  dependent  upon  the  detailed  structure  of  the  vibrational 
relaxation  rates  there  is  not  justification  at  present  for  any  significant  var- 
lation  in  the  assumed  rate  constants. 
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Fig,  19  Temporal  Variation  of  the  Probe  Laser  Intensity  while 
Oscillating  on  the  6P  (10)  and  9P  (9)  Transitions.  The 
discharge  current  pulse  is  shown  at  the  center  of  the 
figure.  These  measurements  were  performed  on  the 
Mk  I CO  laser. 
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Fig.  20  Predictions  of  Maximum  Small  Signal  Gain  for  Various 

P- Branch  Transitions.  The  arrows  indicate  the  extent 
of  gain  suppression  on  the  6P  (10)  and  7P  (10)  transitions 
when  resonance  absorption  is  included  in  the  calculations. 
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Tile  characteristic  trends  of  the  temporal  gain  behavior  predicted  by 
the  kinetic  model  such  as  times  to  reach  threshold  and  peak  gain  as  a func- 
tion of  the  vibrational  and  rotational  levels  were  qualitatively  confirmed,. 

An  example  of  this  is  shown  in  Fig.  21  in  which  the  time  to  reach  maximum 
gain  for  the  7-6  transition  is  shown  as  a function  of  the  lower  rotational 
level.  The  experiments  also  indicated  that  higher  lying  vibration  levels 
require  longer  time  to  reach  threshold  and  peak  gain  lending  additional 
support  to  the  energy  transfer  mechanism  proposed  for  establishing  partial 
inversions. 


TIME  TO  REACH  MAXIMUM  GAIN  (/isecs 


E9I56  LOWER  ROTATIONAL  LEVEL 


Fig,  21  Comparison  of  Predicted  and  Measured  Time  to  Reach  Maxi 

mum  Gain  as  a Function  of  7P  (J).  The  measurements  were 
made  on  the  Mk  I CO  laser. 


6.  0 RECOMMENDATIONS  FOR  FUTURE  WORK 


^ring  the  course  of  this  program  a number  of  discrepancies  were 
observed  between  the  experimental  results  and  the  model  predictions.  In 
n'r  experiment  and  theory  were  found  to  yield  con- 

labo^ato^Ve''^^^^  differences  existed  between  these  data  and  those  from  other 

. ^wrthermore  various  experimental  observation  revealed  unexpec  ted 
behayio.  and  suggested  certain  avenues  of  investigation  to  be  pursued^beyond 
the  time  available.  In  order  to  reconcile  the  discrepancies,  to  imp!emeit 
suH^H  a' d to  further  pursue  interestfng  re- 
in the  pu7s7d  program  the  following  suggestions  for  future  work 

in  the  pulsed  CO  laser  program  are  recommended. 

6.  1 MODEL  CALCULATIONS 


(a) 


Include  effects  of  resonance  absorption  by  overlapping  transitions 

^^tnetics  more  completely  by  including  super- 
elerjlnn^^  ®*«ited  species  and  treat  the  problem  of^ 

viK  ®*^^tation  from  vibrationally  excited  species  to  more  highly  excited 

vibrational  levels  exactly  without  recourse  to  the  usual  assumptiLs^or  ap- 
proximations.  An  exact  treatment  of  the  excitation  from  excited  states  ^ 
requires  a knowledge  of  the  relevant  cross  section.  Theoretical  calculations 
these  cross  sections  are  presently  in  process;  however  an  experiment  has 
been  devised  which  would  supply  the  required  data. 

limited  number  of  calculations  were  performed  to  investigate 
pectral  composition  as  a function  of  various  parameters  including  gas 

is^^iraW*  loading.  A more  complete  analysis  of  this  probfem 

IS  desirable  since  the  preliminary  calculations  indicate  that  by  optimizing 

atmospheric  propagation  characteristfcs^of  the  laser 
beam  could  be  significantly  improved.  This  problem  requires  a knowledge 
of  the  atmospheric  attenuation  of  CO  laser  radiation  for  which  there  are  L 
liSZiTn  separate  efforts  should  be  encouraged  to  remedy  this 

(d)  Since  currently  preliminary  new  measurements  of  the  cross 
fi^ant°  excitation  in  N2  by  electron  impact  reveal  signi- 

shonlH  H magnitude  compared  with  the  previous  data,  efforts 

« soon  L7hfv  h ‘he  new  values  into  the  kinetics  calculations 

as  soon  as  they  become  available  in  order  to  investigate  to  what  extent  ^hese 
new  values  modify  the  previous  parametric  performance  predictions. 
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6.  2 PARASITIC  CAVITY  OSCILLATION 


The  burn  patterns  illustrated  in  Fig.  13  exhibit  severe  parasitic 
oscillations.  More  work  is  needed  to  identify  and  eliminate  the  surfaces 
responsible  for  these  effects.  Since  window  reflections  are  prime  candi- 
dates for  such  parasitics  particularly  in  high  gain  systems  the  following 
cavity  modification  is  suggested.  Instead  of  employing  windows  placed  at 
normal  incidence  a parallel  configuration  tilted  with  respect  to  the  lasing 
axis  to  form  a rhombus  shaped  cavity  would  be  desirable.  It  would  be 
necessary  to  simultaneously  reconstruct  the  heat  exchanger  in  order  to 
conform  to  the  modified  cavity  configuration.  Thus  the  porous  plates  would 
be  rhombus  shaped  with  the  copper  cooling  pipes  embedded  parallel  to  the 
cavity  windows,  i.  e.  to  the  short  dimension  of  the  rhombus.  Rather  than 
employ  Brewster  angle  windows  which  require  prohibitively  large  samples 
of  calcium  fluoride  a smaller  angle  of  incidence  would  be  employed.  The 
5 fjiA.R.  coatings  recently  developed  by  Northrop(^2)  would  be  employed 
to  reduce  the  cavity  losses. 

6.  3 SPECTRAL  COMPOSITION  VS  GAS  MIXTURE 

Unexplained  differences  in  spectral  composition  were  observed  using 
similar  ratios  of  different  diluents.  These  effects  were  not  predicted  by  the 
model  calculations  and  additional  parametric  performance  measurements  of 
this  behaviour  should  be  performed  both  with  the  two  diluents  previously  em- 
ployed (i.  e.  N2  and  Ar)  and  also  with  a variety  of  additional  diluents. 
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APPENDIX  A 


KINETICS 


1 physics  describing  the  kinetic  processes  approoriate  to 

the  electrically  excited  CO  laser  are  contained  in  the  master  viSaJronal 

Durl  ^ensi1-y  of  molecules  in  each  vibrational  level  For 

pure  CO  or  a mixture  of  CO  and  an  inert  diluent  th(;re  is  just  one  set  of 
master  equations  appropriate  lo  each  vibrational  level  of^the  CO  molecule 
In  the  case  of  mixtures  containing  another  diatomic  molecule  such  as  CO 
N2  mixtures,  it  is  necessary  to  use  a similar  set  of  maste r ^uaJ^ons  for 
each  vibrational  level  of  the  N2.  For  the  electrically  excited  CO  laser  the 
master  equation  can  be  simply  written  in  the  form  (for  the  CO  molecules) 


dN 
1 

dt 


= F , - F 

v-l.v  V,  v+1 


^v  ^v+l  ^v+l,  V ■ \ v-1 


(A-1) 


whe  re 


v+1  the  net  particle  flux  between  levels  v and  v+l  resultinc 
from  V-V  collisions 

°V+1  if  2'®  of  deactivation  from  level  v+l  as  a result  of 
v-T  collisions  and  radiative  decay 

Ey  is  the  net  rate  of  change  of  N as  a result  of  direct  elec- 
tron impact 

^v+1,  V of  increase  in  N^  resulting  from  stimulated 

emis  Sion. 

These  four  terms  are  described  in  detail  below,  together  with  the  assumn 
tions  involved  in  deriving  their  analytic  form.  assump- 

detail  relaxation  processes  have  been  considered  in 

cmator.^rr“LT  3r‘%h  «i>'rib„tions  in  anharmonic  08- 

ciiiators  (e.g.,  Ref.  3).  The  assumption  is  made  that  only  single  Quantum 

tran..t.on.  occur  in  colliaional  exchange  and  one  can  then  write 
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(A-3) 


where  j and  refer  to  the  rate  constants  for  V-V  and  V-T  ex- 

change  respectively,  Tv+1  is  the  radiative  lifetime  of  level  v + 1 and  M is 

^escHb^°"'^^-"‘"V*  fi?*  ^"l«-ant  rate  constants  have  been 

described  previously.  H)  Theoretical  calculations  as  well  as  recent 
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1‘xpc rimonts(  2-5  ) have  shown  that  the  intramolecular  V -V  processes  are 
extremely  rapid  in  CO.  For  atmospheric  pressure  discharges  the  charac- 
teristic V-V  time  scale  is  short  compared  to  the  time  scale  for  electrical 
energy  deposition  in  the  gas. 


The  vibrational  deactivation  by  V -T  collision  is  expected  to  be  very 
slow  based  on  a theoretical  extrapolation(^  ) from  the  measured  deactiva- 
tion rate  constant  of  the  first  vibrational  level.  It  is  precisely  this  slow 
deactivation  that  permits  the  relatively  efficient  operation  of  the  CO  laser 
for  long  pulse  lengths.  Unfortunately  there  is  no  experimental  confirma- 
tion of  the  predicted  deactivation  rate  constants  for  the  high  vibrational 
levels.  Furthermore,  the  practical  laser  performance  may  be  extremely 
susceptible  to  the  effect  of  impurities  which  can  provide  large  deactivation 
cross  sections 6 -8  ) There  is  some  experimental  confirmation  of  this 

effect^  9,  10  ) and  it  should  be  pointed  out  that  the  very  high  efficiencies 
predicted  by  calculations  such  as  those  described  in  this  report  may  only 
be  achievable  in  high  purity  gas  systems. 


The  electron  impact  excitation  function  can  be  written  in  the  form 


E 

V 


(A-4) 


i V 

where  Ng  is  the  electron  density  and  ke  ’ is  the  rate  constant  for  electron 
impact  excitation  from  level  i to  level  v.  This  rate  constant  requires  de- 
tailed *.nowledge  of  the  plasma  kinetics.  For  a uniform  discharge  with  a 
constant  ratio  of  electric  field  to  gas  density,  E/N,  one  solves  the  Boltzman 
equation  for  the  non-Maxwellian  electron  velocity  distribution  function  which 
is  then  integrated  over  the  vibrational  excitation  cross-section  data  to  ob- 
tain the  necessary  excitation  rate  constants.  The  accuracy  of  this  approach 
is  dependent  upon  the  accuracy  and  availability  of  the  necessary  excitation 
cross-section  data.(H”13)  The  electron  impact  vibrational  cross  sections 
have  been  measured  from  zeroth  to  the  first  nine  excited  vibrational  levels 
and  such  cross-section  data  have  been  used  previously(  ^5)  to  calculate 
the  electron  velocity  distribution  function.  The  calculations  indicate  that 
the  electrical  energy  is  efficiently  coupled  to  the  vibrational  mode  at  aver- 
age electron  temperatures  of  approximately  1 eV  with  a typical  efficiency 
of  over  98%,  Recent  calculations(  16)  suggest  that  the  predicted  rotational 
excitation,  of  the  order  of  l/Z  to  1%  of  the  discharge  energy^,  may  be  under- 
estimated by  an  order  of  magnitude.  This  would  increase  the  rate  of  change 
in  the  translational  temperature  which  is  dominated  by  V-V  vibrational 
relaxation  in  the  present  calculations,  the  energy  defect  in  the  V-V  process 
being  taken  up  in  the  translation/rotation  modes. 


Several  approximations  used  in  the  earlier  analyses  have  been  made 
in  the  present  discharge  analysis.  Collisions  of  the  second  kind  were 
neglected  in  determining  the  electron  velocity  distribution  function.  Further- 
more, electron  impact  excitation  was  neglected  from  any  vibrational  level 
other  than  the  zeroth  vibrational  level.  This  simply  reflects  the  lack  of 
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theoretical  ;iafl/ur  exiierinirntal  data  in  CO.  Discharge  calculations!  15)  in 
N2  have  shown  that  the  inclusion  of  excitation/deexcitation  from  excited 
levels  leads  io  a different  distribution  in  the  excitation  rate  constant  to  the 
individual  vibrationcl  levels.  However,  the  overall  excitation  rate,  Zvk^, 


was  found  to  be  quite  insensitive  to  the  excited  state  distribution.  Although 
these  approximations  lead  to  errors  in  the  excitation  rate  constants  they  are 
not  expected  to  have  a major  effect  on  the  numerical  calculations  for  high 
pressure  electrical  lasers.  This  conclusion  follows  from  considerations  of 
the  operating  conditions  in  these  lasers,  typically  electron  beam  sustained 
discharges.  The  pressure  is  usually  high  enough  so  that  the  characteristiv 
time  scale  for  molecular  relaxation  processes,  of  the  order  of  10“^  to 
10  secs,  is  much  smaller  than  the  corresponding  time  scale  for  vibra- 
tional excitation  which  is  of  the  order  of  10“^  to  10"5  secs.  As  a resuu, 
errors  in  the  electron  impact  excitation  rate  constants  to  individual  vibra- 
tional levels  tend  to  get  washed  out  in  the  vibrational  kinetics  and  the  net 
effect  is  a small  error  in  the  overall  excitation  rate,  Svkyf  which  is  equiva- 
lent to  a corresponding  change  in  the  electron  density  and  which  effect  can 
be  estimated  from  simple  scaling  considerations  described  below. 


In  the  determination  of  the  cavity  flux  it  is  assumed  that  the  rota- 
tional levels  are  in  thermal  equilibrium  with  the  translational  temperature 
and  that  the  rotational  relaxation  is  fast  enough  so  that  only  one  rotational 
line  is  allowed  to  oscillate  in  any  given  vibrational  transition.  Further- 
more, the  cavity  flux  for  each  vibrational  transition  is  assumed  to  be  zero 
unless  and  until  the  small  signal  gain  for  that  particular  transition  becomes 
equal  to  the  appropriate  cavity  loss.  After  this  the  steady-state  approxima- 
tion, gain  equals  loss,  is  made  and  the  stimulated  emission/absorption 
term  is  described  by 


V+1,  V 


®v  + l,  V ^V+1,  V^^*^V  + 1,  V 


(A-5) 


where  gv+l,v  is  saturated  gain  and(^v+l  v i®  ii'®  cavity  flux  for  the 
transitiem  v+1  -*  v with  frequency  vv+l,v  ’^’h®  small  signal  gain  can  be 
shown!! ')  to  be  given  by  an  expression  of  the  form 


®v+l,  V 
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where  J refers  to  the  particular  rotational  level,  Cv  is  a small  anharnic 
correction  to  the  rotational  constant,  0v  is  the  characteristic  vibrational 
temperature,  and  K is  a function  of  the  molecular  constants  together  with 
the  line  broadening  parameters.  In  the  present  case,  for  high  pressure 
electrical  discharges  the  transitions  are  pressure  broadened.  An  inherent 
assumption  in  this  analysis  is  the  neglect  of  spatial  variations  in  the  cavity 
flux.  It  can  be  readily  shown  that  the  maximum  axial  variation  in  the 
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Cc'ivity  flux  is  h's.s  than  10%  for  an  output  coupling,  Lc,  of  60%  or  less. 

For  tlu-  present  calculations  the  optical  cavity  is  assumed  to  be  formed  by 
two  mirrors  of  reflectivities  Rj  (=1  - aj)  and  (=1  - a^  - Fc ) with  mir- 
ror losses  of  a|  and  a2  respectively.  Using  the  steady-state  condition 
Rj  R2  exp  (2g  f)  = 1 it  can  be  shown  that  the  output  flux  is  given  by 

*out  . 

* - ij  ^1  + Rj 

where  4>  is  the  calculated  internal  cavity  flux  and  G is  the  length  of  the 
active  medium. 

Some  comment  should  be  made  regarding  the  expected  scaling  with 
gas  pressure  and  electron  density  Since  only  binary  collision  processes 
are  included  in  the  kinetic  model,  this  scaling  is  relatively  simple.  The 
master  equation  can  be  nondimensionalized  by  the  use  of  particle  densities 
which  have  been  normalized  by  the  total  gas  density,  N.  The  colli sional 
terms  can  then  be  written  directly  in  terms  of  these  normalized  densities 
and  the  term  containing  the  natural  lifetime  can  be  neglected  in  comparison 
with  the  V-V  and  stimulated  emission  terms.  The  electron  density  becomes 
normalized  by  the  total  gas  density  and  the  dimensionless  stimulated 
emission  term  behaves  like  0/N^  as  a result  of  the  small  signal  gain 
varying  with  total  gas  density  and  inversely  with  the  pressure  broadened 
linewidth.  It  fcuir  ws  then  that  for  fixed  ratio  of  electron  density  to  total 
gas  density,  Ne/N,  the  flux  should  scale  with  the  square  of  the  gas  density, 
~ N^,  and  the  time  should  scale  inversely  with  gas  density,  r ~ N“l. 

In  this  simple  scaling  relation  the  effect  of  temperature  variations  on  the 
collisional  rate  constants  and  the  line  broadening  have  been  neglected.  The 
errors  introduced  by  this  approximation  have  been  shown  to  be  neglected 
by  numerical  caiculations. 
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